Microtubule inhibitors such as vinblastine cause mitotic arrest and subsequent apoptosis through the intrinsic mitochondrial pathway. However, although Bcl-2 family proteins have been implicated as distal mediators, their precise role is largely unknown. In this study, we investigated the role of Bak in vinblastine-induced apoptosis. Bak was mainly monomeric in untreated KB-3 cells, and multimers corresponding to dimer, trimer, and higher oligomers were observed after vinblastine treatment. The oligomeric Bak species were strongly diminished in cells stably overexpressing Bcl-xL. Immunoprecipitation with a conformation-dependent Bak antibody revealed that vinblastine induced Bak activation. Reciprocal immunoprecipitations indicated that vinblastine induced the interaction of active Bak with active Bax. Furthermore, Bcl-xL overexpression prevented Bak and Bax interaction and strongly inhibited apoptosis, whereas Bcl-2 overexpression did not prevent Bak-Bax interaction and only weakly inhibited apoptosis. The relative contributions of Bak and Bax were investigated using fibroblasts deficient in one or both of these proteins; double knockouts were highly resistant compared with single knockouts, with vinblastine sensitivities in the order of Bak
Introduction
The Bcl-2 family of proteins is a key regulator of programmed cell death or apoptosis (1 -6) . The prosurvival proteins include Bcl-2, Bcl-xL, Mcl-1, A1, Nr-13, and others and the proapoptotic members can be further subdivided into two groups: the multidomain Bax subfamily (Bax, Bak, and Bok) that contain multiple BH domains and ''the BH3-only'' subfamily (Bad, Bid, Bim, Noxa, Hrk, and others). The Bcl-2 proteins function in a hierarchy, with the BH3-only proteins acting as initiators of apoptosis. Under normal physiologic conditions, they are maintained in a latent state. However, in response to a death signal, they become activated through a variety of mechanisms involving posttranslational modification or transcriptional activation. Activated BH3-only proteins play a key role in activation of multidomain Bax subfamily proteins. This leads to an increase in outer mitochondrial membrane permeability and the release of cytochrome c and other apoptogenic factors. Antiapoptotic Bcl-2 proteins antagonize the function of the proapoptotic Bcl-2 proteins. BH3-only proteins appear to play a dual role not only as direct activators of Bax or Bak but also in neutralization of prosurvival members (1 -6) .
Bak and Bax were initially reported to be functionally redundant and essential for mitochondrial dysfunction and apoptosis in response to multiple death signals (7, 8) . In untreated cells, these proteins are distinctly localized, with Bax being largely cytosolic and translocating to the mitochondria after apoptotic stimulation, whereas Bak resides in the outer membrane of the mitochondria. Both proteins undergo conformational changes and homooligomerization in response to diverse apoptotic signals, leading to pore formation in the mitochondria and release of apoptosis-promoting factors (9 -12) .
Fundamental to the success of cancer chemotherapy is the induction of apoptosis in tumor cells. Microtubule inhibitors have been widely used as antimitotic agents for cancer chemotherapeutic interventions (13) . At physiologic concentrations, these agents have in common the ability to suppress the dynamic instability of spindle microtubules, leading to mitotic arrest and cell death by apoptosis (14) . Although Bcl-2 proteins are intimately involved in regulation of apoptosis, their precise role in cell death induced by antimitotic drugs is largely unexplored (15 -17) . Bax has been implicated in apoptosis induced by vinblastine and the nontaxane microtubule inhibitor epothilone (18 -20) , and Bax expression is a predictor of paclitaxel sensitivity (21) . We have shown previously that vinblastine induces Bax mitochondrial translocation, activation, and dimerization (20) . However, several studies have indicated that paclitaxel does not promote Bax mitochondrial translocation or Bax activation (22, 23) , suggesting that other factors are also important. Bak also plays a key role in the regulation of mitochondrial apoptosis. A recent report indicated that Bak-deficient cells are resistant to the DNAdamaging agents, VP-16 and cisplatin (24) . However, whether Bak plays a role in apoptosis induced by microtubule inhibitors is not known.
In this article, we provide evidence for a key role of Bak in vinblastine-induced apoptosis. We show that vinblastine promotes the conformational activation and oligomerization of Bak and present evidence that it is the physical interaction of Bak with Bax that is the critical step for subsequent apoptosis. Studies with cells deficient in Bak and/or Bax were also done and double-knockout cells were found to be highly vinblastine resistant, confirming that apoptosis induced after mitotic arrest occurs most efficiently when both Bak and Bax are present.
Materials and Methods

Materials
Antibodies to caspase-3 (sc-7148), Bcl-2 (sc-509), and Mcl-1 (sc-19) were obtained from Santa Cruz; rabbit polyclonal antiBax antibody was from Cell Signaling; mouse monoclonal anti-Bak antibody was from Calbiochem; antibody to cytochrome c was from PharMingen; and antibody to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was from Ambion. 6A7 active Bax antibody was from Axxora and antibody to active Bak (NT) was from Upstate. DNA fragmentation apoptosis kit was obtained from Roche Applied Science and LipofectAMINE reagents were obtained from Invitrogen. Vinblastine and other chemicals, unless otherwise stated, were obtained from Sigma.
Cell Culture and Transfection The KB-3 human carcinoma cell line was maintained in monolayer culture at 37jC and 5% CO 2 in DMEM supplemented with 10% FBS, 2 mmol/L L-glutamine, 50 units/mL penicillin, and 50 Ag/mL streptomycin. Cells stably overexpressing HA-Bcl-xL or HA-Bcl-2 were prepared by transfecting KB-3 cells with 10 Ag plasmid DNA (HA-Bcl-xL-pcDNA3.1 or HA-Bcl-2-pCDNA3.1) using LipofectAMINE Plus reagent in serum-free DMEM. After 3 h, the transfection medium was replaced with complete medium, and after an additional 24 h, G418 was added to a final concentration of 1 mg/mL, and the cells were maintained for 2 weeks. Drug-resistant colonies were selected, expanded, and maintained in growth medium containing 0.4 mg/mL G418. Clones were screened for Bcl-xL, Bcl-2, and HA immunoreactivity by immunoblotting using specific antibodies. Mouse embryonic fibroblasts (MEF) that contain a homozygous disruption of the Bak or Bax alleles and wild-type MEF were a generous gift of Dr. Stanley J. Korsmeyer's laboratory.
Preparation of Cell Extracts and Subcellular Fractions
For whole-cell extracts, cells were lysed for 30 min on ice in lysis buffer [40 mmol/L HEPES (pH 7.4), 120 mmol/L NaCl, 1% Triton X-100, 1 mmol/L EDTA, 5 mmol/L DTT, 20 mmol/L h-glycerophosphate, 1 mmol/L Na 3 VO 4 , 50 mmol/L NaF, 20 Ag/mL aprotinin, 50 Ag/mL leupeptin, 10 Amol/L pepstatin, 1 Amol/L okadaic acid, 1 mmol/L phenylmethylsulfonyl fluoride], insoluble material was removed by centrifugation at 9,200 Â g for 20 min, and protein concentration in the supernatant was determined using Bradford reagent (Bio-Rad). Cytosolic and mitochondrial extracts were prepared using the fractionation kit from GBiosciences. Briefly, 10 7 cells were washed with PBS twice and then incubated with 0.5 mL SubCell Buffer-I on ice for 10 min. The cells were lysed using a Dounce homogenizer by 20 strokes of the pestle. The lysate was transferred to a centrifuge tube, the volume was adjusted to 0.7 mL, and 0.35 mL of 3Â concentrated SubCell Buffer II was added. The sample was centrifuged at 700 Â g for 10 min to pellet the nuclei and the supernatant was centrifuged at 12,000 Â g for 15 min to obtain cytosol in the supernatant and a mitochondrial pellet, which was resuspended in storage buffer.
To examine oligomeric forms of Bak, washed cell pellets were incubated in buffer A [10 mmol/L HEPES (pH 7.4), 0.15 mol/L NaCl, 1 mmol/L EGTA plus phosphatase and protease inhibitors, as above] containing 0.01% digitonin for 2 min at 4jC and centrifuged at 15,000 Â g for 15 min. The pellet was extracted with buffer A containing 3% CHAPS for 45 min at 4jC to release membrane-and organelle-bound proteins, which were isolated in the supernatant after centrifugation at 15,000 Â g for 15 min. The samples were prepared for SDS-PAGE under nonreduced conditions (without h-mercaptoethanol) with heating to 70jC for 5 min.
Immunoprecipitation To examine the activation status of Bak, cells were lysed in 0.5 mL lysis buffer [40 mmol/L HEPES (pH 7.4), 120 mmol/L NaCl, 1% CHAPS, 1 mmol/L EDTA supplemented with protease and phosphatase inhibitors] by incubating on ice for 30 min and centrifugation at 9,200 Â g for 20 min. The extract (1 mg) was precleared with anti-rabbit or anti-mouse goat IgG agarose beads, according to the manufacturers' directions (eBiosciences), and to the supernatant was added 5 Ag rabbit polyclonal antibody to active Bak (NT) or mouse monoclonal antibody to active Bax (6A7). After mixing for 1 h, anti-rabbit or antimouse IgG agarose beads were added to Bak or Bax immunoprecipitations, respectively, for an additional 3 h. The immunoprecipitates were then washed five times in the following buffers: (a) TBS containing 0.05% Tween 20; (b) 50 mmol/L HEPES (pH 7.5), 40 mmol/L NaCl, 2 mmol/L EDTA, 1% CHAPS; (c) 50 mmol/L HEPES (pH 7.5), 40 mmol/L NaCl, 2 mmol/L EDTA, 0.5% CHAPS, 0.5 mol/L LiCl; (d) 50 mmol/L HEPES (pH 7.5), 40 mmol/L NaCl, 2 mmol/L EDTA, 0.5 mol/L LiCl; and (e) 50 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl. The immunoprecipitates were incubated in SDS-PAGE sample buffer for 1 h at 37jC and resolved by 12.5% acrylamide SDS-PAGE and analyzed by immunoblotting.
Apoptosis Assays Cells were trypsinized following drug treatment and diluted to a concentration of 5 Â 10 Applied Science). This is a quantitative photometric immunoassay for the determination of cytoplasmic histone-associated oligosomes generated during apoptosis. After dilution, the cells were centrifuged at 200 Â g for 5 min, and the cell pellet was resuspended in 0.5 mL incubation buffer and incubated at room temperature for 30 min. After centrifugation at 16,000 Â g for 10 min, 0.4 mL supernatant was removed and diluted 1:10 in incubation buffer for analysis. The ELISA plate was prepared according to the manufacturer's instructions, and 0.1 mL sample was added to appropriate wells and incubated at room temperature for 90 min. After conjugation and incubation with substrate solution, the plate was shaken on an orbital shaker at 250 rpm for 15 min, and the absorbance at 405 nm was determined using a Bio-Tek ELx800 microplate reader.
Results
Subcellular Localization of Bak inVinblastine-Induced Apoptosis
Cytosolic and mitochondrial fractions were prepared from control and vinblastine-treated KB-3 cells to determine the subcellular location of Bak and to monitor any changes with vinblastine treatment. The integrity of the fractions was shown by immunoblotting for procaspase-3 (32 kDa), which was detected in the cytosolic fraction and not in the mitochondrial fraction, and for Cox II (complex IV; 22 kDa), which was detected in the mitochondrial fraction and not in the cytosolic fraction (Fig. 1A) . Apoptosis occurred mainly between 24 and 48 h of drug treatment as indicated by poly(ADP-ribose) polymerase cleavage ( Fig. 1B) as well as loss of procaspase-3 ( Fig. 1A) , consistent with our earlier data that apoptosis ensues as a relatively late event following a prolonged mitotic arrest (25) . Bak (25 kDa) was present in the mitochondrial fraction and not in the cytosolic fraction and its location remained unchanged after vinblastine treatment (Fig. 1A) .
Vinblastine Induces Bak Oligomerization The constitutively integrated Bak has been shown to respond to multiple death stimuli by forming oligomers in the mitochondrial membrane (7, 26) . To determine whether vinblastine treatment induced Bak oligomerization, KB-3 cells were untreated or treated with vinblastine and permeabilized with digitonin. The particulate fractions were extracted with CHAPS, and unreduced samples were subjected to immunoblotting for Bak. As shown in Fig treated with vinblastine (VBL; 30 nmol/L) for the times indicated and permeabilized with digitonin, and CHAPS solubilized particulate fractions were subjected to SDS-PAGE in the absence or presence of 1% hmercaptoethanol (h-ME). Immunoblotting for Bak was done with the monomeric and oligomeric forms indicated. Asterisk, intrachain cross-link conformer of inactive Bak. Right, molecular mass standards. B, overexpression of Bcl-xL inhibits vinblastine-induced Bak oligomerization. KB-3 and two independent KB-3-HA-Bcl-xL-expressing stable clones were untreated or treated with 30 nmol/L vinblastine (KB-3 cells) or 100 nmol/L vinblastine (KB-3-HA-Bcl-xL cells) as indicated and permeabilized with digitonin, and CHAPS solubilized particulate fractions were subjected to SDS-PAGE in the absence of reducing agent. Immunoblotting was done for Bak and the monomeric and oligomeric forms are indicated. Right, molecular mass standards.
of treatment, were observed, consistent with Bak dimer and trimer, and other oligomeric species were also present. Although vinblastine treatment consistently generated oligomeric forms of Bak, the relative abundance of the different species varied to some degree from experiment to experiment. The major oligomeric forms of Bak were eliminated by prior reduction with h-mercaptoethanol ( Fig. 2A) , suggesting that they require disulfide bonds for their formation or maintenance. The low molecular weight immunoreactive species indicated in Fig. 2A (asterisk) has been suggested previously to represent an intrachain crosslink conformer of inactive Bak (7). It was more readily apparent when samples were analyzed in the absence of h-mercaptoethanol.
Inhibition of Bak Oligomerization by Bcl-xL Overexpression Antiapoptotic proteins such as Bcl-xL and Bcl-2 have been shown to block cytochrome c release and Bak oligomerization in response to stress (27, 28) . To determine whether Bcl-xL prevented vinblastine-induced Bak oligomerization, we generated stable transfectants termed KB-3-HA-Bcl-xL cells as described in Materials and Methods. Two representative clones were used that significantly overexpressed HA-Bcl-xL relative to control cells (20) . KB-3 and KB-3-HA-Bcl-xL cells were untreated or treated with vinblastine (Fig. 2B) . Particulate fractions were prepared and unreduced samples were analyzed by immunoblotting. Bak oligomerization in response to vinblastine treatment was much reduced in the two KB-3-HA-Bcl-xL clones in comparison with that in KB-3 cells (Fig. 2B) .
Vinblastine-Induced Bak Activation and Its Interaction with Bax
To determine whether Bak oligomerization was associated with Bak activation in KB-3 cells, immunoprecipitations were done under native conditions using the anti-Bak (NT) rabbit polyclonal antibody, which recognizes the conformationally active form of Bak. Immunoprecipitates were analyzed by immunoblotting using a Bak antibody of mouse origin. As shown in Fig. 3A (lanes 2-5) , the active form of Bak was not detected in control cells and barely detected in cells treated with vinblastine for 24 h, whereas active Bak was readily detected at 36 to 48 h. Immunoblotting verified the presence of Bak in the original extract (lane 1) and confirmed an absence of active Bak when the precipitation was conducted in the absence of antibody (lane 6). Immunoblotting for IgG was used to show that equivalent amounts of antibody were used in the immunoprecipitations and to show equal gel loading of the immunoprecipitated material.
To determine whether vinblastine promoted the interaction of the two apoptotic proteins, Bak and Bax, active Bax was immunoprecipitated with 6A7 antibody, which recognizes the conformationally active form of Bax. The active form of Bax was readily detected in cells treated with vinblastine for 24 h and particularly at 48 h (Fig. 3B, top  left) . Bak was also detected in the immunoprecipitates that contained active Bax (Fig. 3B, middle left) , and a proportional relationship was revealed between the level of active Bak and that of active Bax. Immunoblotting for IgG in the immunoprecipitates confirmed equal loading (Fig. 3B,  bottom left) . Immunoblotting showed that Bax and Bak were present in equivalent amounts in the original extracts (Fig.  3B, right) , thus showing the specificity of the antibodies used against the activated forms of these proteins and confirming equal protein loading. Reciprocal immunoprecipitations confirmed the interaction of active Bak with active Bax (see Fig. 4C ).
Overexpression of Bcl-xL but Not Bcl-2 Blocks BakBax Interaction
We next examined whether the interaction between activated Bak and Bax in response to vinblastine treatment was affected by the antiapoptotic proteins Bcl-xL and Bcl-2. Toward this goal, we generated stable transfectants overexpressing Bcl-xL and Bcl-2, termed KB-3-HA-Bcl-xL and KB-3-HA-Bcl-2, respectively, as described in Materials and Methods. The overexpressed proteins were readily identified in the respective cell lines by immunoblotting (Fig. 4A) . Because Bcl-xL and Bcl-2 are both phosphorylated in response to vinblastine (25) , and the phosphorylation status could affect protein-protein interaction, it was important to establish conditions where the overexpressed proteins were phosphorylated to a similar extent as the endogenous protein in KB-3 cells. Therefore, we treated KB-3, KB-3-HABcl-xL, and KB-3-HA-Bcl-2 cells with increasing concentrations of vinblastine and examined phosphorylation by mobility shift after immunoblotting (Fig. 4B) . These results indicated that although 30 nmol/L vinblastine was sufficient to cause a characteristic phosphorylation-induced mobility shift in Bcl-xL and a characteristic ''ladder'' representing multiple phosphorylated forms of Bcl-2 (25), higher concentrations of 100 and 200 nmol/L, respectively, were required to achieve the same degree of modification in KB-3-HA-Bcl-xL and KB-3-HA-Bcl-2 cell lines (Fig. 4B) . In addition, as protein overexpression obscured the mobility shift, lower amounts of protein (10 versus 100 Ag) were used for analysis. Figure 4B also shows that HABcl-xL and HA-Bcl-2 are overexpressed to an extent that is f10-fold greater than their respective endogenous counterparts, thus validating direct comparison of these cell lines.
The cell lines were treated with their appropriate concentration of vinblastine, and Bak was immunoprecipitated with the conformation-dependent antibody and analyzed by immunoblotting (Fig. 4C) . In KB-3 cells, as before, vinblastine induced a time-dependent activation of Bak, and Bax was also detected in the active Bak immunoprecipitate at 48 h (Fig. 4C, lanes 2-4) . A very different result was found for KB-3-HA-Bcl-xL cells. In this case, significant levels of conformationally altered Bak were found in untreated cells, and vinblastine treatment actually caused a decrease in ''active'' Bak (Fig. 4C, lanes 7-9) . This experimental result was highly reproducible, and essentially, identical results have been observed twice in two independent Bcl-xL-overexpressing cell lines. Importantly, and in contrast to KB-3 cells, Bax was not detected in the Bak immunoprecipitates from KB-3-HA-Bcl-xL cells. Results with KB-3-HA-Bcl-2 were highly comparable with those of KB-3 cells, with vinblastine causing timedependent Bak activation and Bak-Bax interaction (Fig. 4C,  lanes 12-14) . Equal protein loading was confirmed by blotting for IgG in the immunoprecipitates (Fig. 4C) and for Bak and GAPDH in the original extracts (Fig. 4D) .
Inhibition of Vinblastine-Induced Apoptosis by Bcl-xL but Not Bcl-2 Overexpression
The results presented above show that overexpression of Bcl-xL induces conformational changes in Bak, independent of drug treatment, thus altering the normal process of Bak activation in response to vinblastine. In addition, Bcl-xL overexpression prevents Bak-Bax interaction. However, Bak activation and its interaction with Bax were unaffected by Bcl-2 overexpression. To determine if these observations are relevant to the induction of apoptosis, quantitative assays for apoptosis were conducted (Fig. 5) . In KB-3 cells, 30 nmol/L vinblastine was used, and drug treatment strongly induced apoptosis in two independent experiments ( Fig. 5A and B) . For KB-3-HA-Bcl-xL cells, we used both 30 nmol/L vinblastine, equivalent to that used for KB-3 cells, and 100 nmol/L vinblastine, corresponding to conditions of maximum Bcl-xL phosphorylation. KB-3-HABcl-xL cells were found to be highly vinblastine resistant, with <20% the level of apoptosis observed in KB-3 cells under similar conditions (Fig. 5A and B) . In contrast, KB-3-HA-Bcl-2 cells were much more susceptible to vinblastineinduced apoptosis compared with KB-3-HA-Bcl-xL cells, with levels of apoptosis of 60% to 70% of that found in KB-3 cells (Fig. 5A and B) .
Studies with Bak -/-and Bax -/-MEF To extend these findings and further examine and compare the roles of Bak and Bax in vinblastine-induced apoptosis, we used MEF singly or doubly deficient in these proapoptotic regulators (7, 29) . Figure 6A shows immunoblots confirming the presence or absence of Bak and Bax in wild-type, Bak -/-, Bax -/-, and Bak -/-/Bax -/-MEF. MEF were next treated with vinblastine and subjected to quantitative apoptotic assays (Fig. 6B) . Relative to wildtype cells, vinblastine-induced apoptosis was strongly impaired in Bak -/-MEF, apoptosis was also significantly impaired in Bax -/-MEF, and Bak -/-/Bax -/-MEF were highly vinblastine resistant (see P values in Fig. 6B ).
Phosphorylation and Degradation of Mcl-1
The studies presented above support a key role for Bak in vinblastine-induced apoptosis, and it has been reported that the antiapoptotic Bcl-2 member Mcl-1 plays a role in Bak sequestration (12) . Therefore, it was of interest to examine Mcl-1 in this system. KB-3 cells were treated with vinblastine, and Mcl-1 expression was probed by immunoblotting. Interestingly, Mcl-1 underwent a mobility shift at 24-h treatment, and expression was greatly diminished after 48 h (Supplementary Fig. S1 ).
1 Essentially, the same pattern, presumably reflecting phosphorylation and degradation of Mcl-1, was found in cells overexpressing Bcl-xL and Bcl-2 ( Supplementary Fig. S1 ).
1 Thus, vinblastineinduced Mcl-1 processing occurred largely independently of these other antiapoptotic Bcl-2 members, and because it occurred in Bcl-xL-overexpressing cells where apoptosis was shown to be defective, loss of Mcl-1 was not a consequence of cell death.
Discussion
Microtubule inhibitors such as vinblastine can be thought to exert their lethality in several stages. Their primary mechanism of action is binding to tubulin or microtubules causing disruption of spindle dynamics, which leads to mitotic arrest (14) . This in turn results in sustained activation of the mitotic checkpoint and subsequent initiation of apoptotic cell death. This phase is poorly characterized but appears to be regulated by the integration of several different signaling pathways involving mitogenactivated kinases, p53, nuclear factor-nB, and others (17) . The transition between mitotic arrest and apoptosis initiation also correlates temporally with phosphorylation of Bcl-2 and Bcl-xL, but the role of these modifications has not been firmly established. The third most distal stage involves changes in mitochondrial permeability and the release of cytochrome c and other apoptosis-promoting factors. Apoptotic stimuli that exert their effects through the mitochondrial pathway most often cause changes in the properties and activities of the Bax subfamily of Bcl-2 proteins (1 -6). Although several reports have implicated Bax activation in apoptosis induced after mitotic arrest (18 -20) , the findings presented here are the first to report, to our knowledge, a key role for Bak in this context.
In this article, we show that vinblastine induces distinct changes in the structure and properties of Bak. Although Bak was mainly monomeric in untreated cells, oligomers were observed at 24 to 48 h of treatment, the period when overt signs of apoptosis, including poly(ADP-ribose) polymerase cleavage, caspase-3 activation, and DNA fragmentation, begin and proceed (25, 30) . The presence of major species of 50 and 75 kDa (Fig. 2) is consistent with vinblastine-induced Bak homo-oligomerization. However, the presence of other molecular species suggests that Bak hetero-oligomers may also be formed. Several candidates exist for specific interaction with Bak including antiapoptotic Bcl-2 proteins as well as the voltage-dependent anion channel 2, which acts as a Bak inhibitor (31) . Bak oligomerization has been mainly characterized in cells treated with truncated Bid as the apoptotic stimulus (7, 28) . Bak oligomerization has also been reported to occur in response to ATP depletion (11) and in response to heat (27) . In each of these cases, however, detection of the oligomers required the presence of cross-linking agents. In our case, Bak oligomers were detected after vinblastine treatment without the aid of cross-linking agents. Indeed, the cross-linker dithio(succinimidyl propionate), which we have used previously to detect Bax oligomers (20) , did not enhance Bak oligomerization (data not shown). Thus, the Bak oligomers that form in response to vinblastine appear to be relatively stable, although variation in the abundance of the different species may reflect some degree of instability. When samples were prepared in the presence of hmercaptoethanol, the Bak oligomers were not observed, indicating a requirement for disulphide bonds in their formation or maintenance.
Previously, we have shown that vinblastine induces the mitochondrial translocation as well as the oligomerization and activation of Bax in KB-3 cells (20) . Using a conformation-dependent Bak antibody, we show in the present report that vinblastine induces Bak activation. Active Bak was most prominent between 24 and 48 h of vinblastine treatment, corresponding to the onset and duration of apoptosis and corresponding to the appearance of Bak oligomers. Immunoprecipitates of active Bak revealed the presence also of Bax, and the reciprocal experiment showed that active Bax coprecipitated with Bak. These results, showing a physical interaction between Bak and Bax after vinblastine treatment, are the first to show, to the best of our knowledge, an interaction between these proapoptotic Bcl-2 family members in the apoptotic response to microtubule inhibition. Although many apoptotic stimuli have been shown to activate Bax and/or Bak, very few have been reported to induce the interaction of these two multidomain proapoptotic proteins. ATP depletion-induced apoptosis in rat proximal tubule cells requires the interaction between Bak and Bax homo-oligomers (11) , and tumor necrosis factor-a -induced apoptosis is also associated with Bak-Bax interaction (32) . However, the precise topology of these proteins and their role in the permeabilization of the mitochondrial outer membrane is still under active investigation (33) .
Cells overexpressing Bcl-xL and Bcl-2 were used to establish the importance of Bak/Bax interaction in vinblastine-induced apoptosis. Interestingly, Bcl-xL overexpression caused conformational changes in Bak in the absence of drug treatment, such that the protein was now recognized by the anti-Bak (NT) antibody. Although the presence of excessive Bcl-xL appeared to unmask the Bak epitope responsible for antibody binding, the mechanism underlying this observation is not presently clear, although it is of interest that Bcl-2 overexpression did not produce such an effect. Cells overexpressing Bcl-xL did not display any signs of basal apoptosis, so this conformational change in Bak was not sufficient of itself to induce apoptosis. Overexpression of Bcl-xL was found to disrupt vinblastineinduced Bak-Bax interaction and strongly inhibit apoptosis. In contrast, overexpression of Bcl-2 did not affect the normal kinetics of Bak activation or Bak-Bax interaction and only weakly inhibited apoptosis. These results provide evidence that Bak-Bax interaction plays a key role in vinblastine-induced apoptosis. Furthermore, these results indicate that the prosurvival proteins Bcl-xL and Bcl-2 play selective roles in this context and differ in their ability to interact with the multidomain Bax subfamily proteins.
These findings raise the question of how Bcl-xL functions to block Bak-Bax interaction, and why Bcl-2 does not possess this property. Recent results have indicated that Bak is sequestered by Bcl-xL but not by Bcl-2 and that the /Bax -/-MEF were untreated or treated with vinblastine (30 nmol/L) for the indicated times and apoptosis was quantitatively assessed as described in Materials and Methods. Mean F SD (n = 6). Representative of two independent experiments. *, P < 0.005; **, P < 0.005; ***, P < 0.0005. Bak BH3 domain is required for this interaction (12) . The sequestration of mitochondrial Bak by mitochondrial Bcl-xL in KB-3-HA-Bcl-xL cells may be a key inhibitory mechanism. The inhibitory effect of Bcl-xL on vinblastineinduced apoptosis in KB-3 cells may also be due to effects on Bax, as we have shown previously that Bcl-xL overexpression blocks conformational changes and oligomerization of Bax in vinblastine-treated KB-3 cells (20) . In addition, we showed that Bcl-xL interacts with inactive cytosolic Bax but not with active mitochondrial Bax following its translocation in response to vinblastine. This suggests that Bcl-xL may function in the cytosol to sequester Bax and prevent its mitochondrial translocation and activation, and Bcl-xL may function in the mitochondria to directly block Bak activation. Bak has also been reported to be sequestered by Mcl-1 (12), and we found that vinblastine causes phosphorylation and subsequent loss of Mcl-1 expression (Supplementary Fig. S1 ). 1 Other apoptotic stimuli have been shown to induce Mcl-1 phosphorylation, targeting the protein for proteosome-mediated degradation (34) . Degradation of Mcl-1 may be an important facet of apoptotic signaling in response to vinblastine, and it is intriguing that all three major antiapoptotic Bcl-2 proteins (Bcl-2, Bcl-xL, and Mcl-1) undergo vinblastine-induced phosphorylation. Further examination of the interaction and spatial organization of these prosurvival and proapoptotic proteins will be needed to decipher the precise sequence of steps involved in Bak and Bax activation, the mechanism of inhibition by Bcl-xL, and the role played by Mcl-1.
Vinblastine-induced apoptosis was strongly impaired by 87% in Bak/Bax double-deficient cells (Fig. 6B) , confirming their role, and consistent with these proteins acting as essential distal mediators of mitochondrial apoptosis (7) . In MEF, the presence of either Bak or Bax was sufficient for a partial response to vinblastine. This is similar to the earlier study where MEF singly deficient in either Bak or Bax showed reduced apoptosis in response to several apoptotic stimuli including UV and etoposide compared with wildtype cells (7) . In another report, it was observed that Bak and Bax can independently induce cytochrome c release during tumor necrosis factor-a -induced apoptosis in baby mouse kidney epithelial cells (35) . In general, although either protein can suffice to some degree, most reports are consistent with apoptosis proceeding more completely and efficiently when both Bax and Bak are present. It is tempting to speculate, based on the data reported here, that it is the interaction of these two proteins that promotes conformational changes most favorable for mitochondrial membrane permeabilization.
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